INTRODUCTION {#S1}
============

Cell survival in a changing environment requires swift regulation of gene expression, including translational control of existing mRNAs^[@R1]^. Global translation is generally suppressed in response to most, if not all, types of cellular stress^[@R2],[@R3]^. However, subsets of transcripts undergo selective translation to produce proteins that are vital for cell survival and stress recovery. One of the best-known examples is the heat shock protein 70 (Hsp70), whose synthesis is up-regulated in cells upon elevated temperatures or exposure to proteotoxic stress^[@R4],[@R5]^. Despite the well-characterized transcriptional regulation^[@R6],[@R7]^, it remains elusive how efficient synthesis of HSPs persists when the translation machinery is generally compromised. It is commonly believed that the 5' untranslated region (5'UTR) of Hsp70 mRNA recruits the translational apparatus via a cap-independent manner^[@R8]-[@R11]^. However, neither the specific translation-promoting features of Hsp70 mRNAs nor the regulatory mechanism of the translation machinery have been clearly defined. In particular, it is unknown whether specialized ribosomes are required for efficient Hsp70 synthesis under stress conditions.

The ribosome is a large ribonucleoprotein complex composed of two subunits that associate upon the initiation of translation^[@R12]^. The small subunit decodes mRNA and the large subunit catalyzes peptide bond formation. In mammalian cells, there are two sets of ribosome particles residing in the cytoplasm and mitochondria respectively. Although ribosomal proteins (RPs) are all synthesized in the cytoplasm, they assemble into functional subunits in different subcellular compartments^[@R13]^. The mitochondrial RPs (MRPs) are encoded by nuclear genes, synthesized in the cytosol, imported into mitochondria for assembly, and responsible for translation of 13 mitochondrial mRNAs^[@R14]^. On the contrary, the cytosolic ribosomes are assembled within the nucleolus before export into the cytoplasm for mRNA translation. Because of their distinct composition and cellular localization, it is believed that there is little functional connection between mitochondrial and cytosolic ribosomes.

Here we set out to investigate whether specialized ribosomes are required in cytosolic stress response. We reported that the mitochondrial ribosomal protein L18 (MRPL18) bears a hidden CUG start codon downstream of the main initiation site. Stress conditions like heat shock trigger the CUG-initiated alternative translation, generating a cytosolic isoform of MRPL18. We found that the cytosolic MRPL18 integrates into the 80S ribosome complex in a stress-dependent manner and facilitates synthesis of stress proteins such as Hsp70. Our results uncover a hitherto uncharacterized stress adaptation mechanism in mammalian cells, which involves formation of a "hybrid" ribosome that promotes synthesis of stress proteins.

RESULTS {#S2}
=======

MRPL18 alternative translation produces a cytosolic isoform {#S3}
-----------------------------------------------------------

We previously developed an approach called global translation initiation sequencing (GTI-seq) that allows precise mapping of alternative translation initiation sites (TIS) across the entire transcriptome^[@R15]^. The transcript encoding mitochondrial ribosomal protein L18 (MRPL18) bears several interesting features. First, MRPL18 shows three TIS sites with the annotated start codon (aTIS) flanked by an upstream TIS (uTIS) and a downstream TIS (dTIS) (**[Fig. 1a](#F1){ref-type="fig"}**). While the uTIS codon is an AUG, the dTIS uses CUG as the initiator. Intriguingly, the CUG initiator is located immediately after the predicted mitochondrial targeting signal (MTS) of MRPL18 and within the same reading frame. It is likely that CUG-initiated translation produces a cytosolic isoform of MRPL18. However, the identical size of MRPL18(cyto) and the MTS-cleaved MRPL18(mito) renders them indistinguishable by standard immunoblotting.

To experimentally confirm the alternative translation of MRPL18, we constructed a series of MRPL18 mutants bearing myc-tags and examined their subcellular localization in HeLa cells. The wild type MRPL18 was mostly localized in mitochondria as revealed by immuno-fluorescence staining (**[Fig. 1b](#F1){ref-type="fig"}**). The vague cytoplasmic staining suggests that the CUG-initiated MRPL18(cyto) was not a major product under the normal growth condition. To show exclusively the CUG-initiated translation, we created a stop codon between the aTIS and the dTIS to prevent the synthesis of full length MRPL18. This mutant, MRPL18(C14A), exhibited a clear localization in the cytosol and the nucleus (**[Fig. 1b](#F1){ref-type="fig"}**). The similar pattern was seen for MRPL18(ATG), a truncated version of MRPL18 lacking both the 5'UTR and the MTS. In contrast, MRPL18(G72A), a mutant with the dTIS mutated to CTA, showed a predominant mitochondrial localization. Together, these results indicate that MRPL18 bears a hidden downstream CUG start codon, whose initiation gives rise to a cytosolic isoform of MRPL18.

MRPL18 undergoes stress-induced alternative translation {#S4}
-------------------------------------------------------

Notably, the CUG-only MRPL18(C14A) had much lower expression levels than other transgenes (**[Fig. 1b](#F1){ref-type="fig"}** and **[Supplementary Fig. 1a](#SD1){ref-type="supplementary-material"}**), suggesting that the downstream CUG initiator is less efficient than the authentic AUG start codon. Interestingly, *MRPL18* is a heat shock-responsive gene^[@R16]^, and a recent study indicated that *MRPL18* is one of the direct targets of the heat shock transcription factor 1 (HSF1)^[@R17]^. Using a mouse fibroblast cell line lacking HSF1^[@R18]^, we confirmed the transcriptional up-regulation of *MRPL18* upon heat shock (**[Supplementary Fig. 1b](#SD1){ref-type="supplementary-material"}**). To investigate whether MRPL18 undergoes translational regulation in response to stress, we compared the abundance of transfected MRPL18 mutants in HeLa cells before and after heat shock. These transgenes maintained the similar mRNA levels in response to heat shock (**[Supplementary Fig. 1c](#SD1){ref-type="supplementary-material"}**), allowing direct evaluation of translational control. Immunoblotting showed two bands of transfected MRPL18, corresponding to the MRPL18 precursor and the MRPL18 species lacking the MTS (**[Fig. 2a](#F2){ref-type="fig"}**, lane 3). The transfected MRPL18 undergoes less efficient processing than the endogenous counterpart presumably due to reduced mitochondrial import because the transgene lacks the 3'UTR of MRPL18^[@R19]^. As expected, the imported exogenous MRPL18 incorporates into mitochondrial ribosomes as evidenced by its co-sedimentation with other mito-ribosomal proteins (**[Supplementary Fig. 1d](#SD1){ref-type="supplementary-material"}**). Upon heat shock stress, the full length MRPL18(WT) showed a modest increase, whereas much less change was observed for MRPL18(ATG) that lacks both the 5'UTR and the MTS region (**[Fig. 2a](#F2){ref-type="fig"}**, lanes 9 and 10). Remarkably, the CUG-only MRPL18(C14A) exhibited the strongest responsiveness despite its low basal levels in cells without stress (**[Fig. 2a](#F2){ref-type="fig"}**, lanes 7 and 8). To substantiate this finding further, we constructed reporters by replacing the main coding region of MRPL18 with *firefly* luciferase (Fluc). Consistent with the immunoblotting results of MRPL18 mutants, the chimeric C14A-Fluc exhibited the highest increase of Fluc expression in response to heat shock stress (**[Fig. 2b](#F2){ref-type="fig"}**).

Having confirmed the stress-induced alternative translation of MRPL18 using mutants, we next sought to determine whether the wild type MRPL18 undergoes translational switch from the authentic AUG to the downstream CUG in response to heat shock stress. It is challenging to unequivocally monitor the newly synthesized MRPL18(cyto) within high basal levels of MRPL18(mito) pre-existed in cells before stress. To circumvent this limitation, we employed a reversible destabilization domain (DD) by fusing it to the COOH terminus of MRPL18(WT) ([Fig. 2c](#F2){ref-type="fig"}). This system permits temporal examination of newly synthesized MRPL18-DD after addition of Shield-1, a cell permeable drug^[@R20]^. HeLa cells transfected with plasmids expressing MRPL18-DD exhibited minimal anti-myc signals in the absence of Shield-1 (**[Supplementary Fig. 2a](#SD1){ref-type="supplementary-material"}**). Treatment with Shield-1 stabilized MRPL18-DD with a clear mitochondrial localization (**[Fig. 2c](#F2){ref-type="fig"}** and **[Supplementary Fig. 2b](#SD1){ref-type="supplementary-material"}**). Remarkably, heat shock stress prior to Shield-1 addition resulted in substantial anti-myc signals in the cytosol as well as the nucleus (**[Fig. 2c](#F2){ref-type="fig"}** and **[Supplementary Fig. 2c](#SD1){ref-type="supplementary-material"}**). This was not due to mitochondrion leakage, because the stress-induced Hsp60 remained exclusively in mitochondria after heat shock. This result confirms that heat shock stress triggers CUG-mediated alternative translation within the wild type sequence context of MRPL18.

MRPL18(cyto) is dependent on eIF2α phosphorylation {#S5}
--------------------------------------------------

What is the mechanism underlying stress-induced alternative translation of MRPL18? We looked into eukaryotic initiation factor 2α (eIF2α), whose phosphorylation regulates ATF4, a classical example of alternative translation triggered by many stress conditions^[@R21]-[@R24]^. Consistent with the previous report^[@R25]^, heat shock stress also triggered eIF2α phosphorylation (**[Supplementary Fig. 3a](#SD1){ref-type="supplementary-material"}**). To address the role of eIF2α phosphorylation in the alternative translation of MRPL18, we transfected MRPL18-Fluc reporters into a mouse embryonic fibroblast (MEF) cell line bearing a non-phosphorylatable eIF2α in which the seine 51 (S/S) was mutated to an alanine (A/A)^[@R26]^. As expected, wild type MEF (S/S) cells showed the similar pattern of Fluc expression as HeLa cells (**[Fig. 2d](#F2){ref-type="fig"}**). In particular, the CUG-only MRPL18 (C14A) exhibited the highest increase of Fluc (\> 4 fold) in response to heat shock stress, whereas the expression level of the AUG-only MRPL18(G72A) remained unchanged. Remarkably, the stress responsiveness of MRPL18 (C14A) was completely abolished in MEF(A/A) cells (**[Fig. 2d](#F2){ref-type="fig"}** and **[Supplementary Fig. 3b](#SD1){ref-type="supplementary-material"}**), indicating that the alternative translation of MRPL18 is dependent on eIF2α phosphorylation.

MRPL18(cyto) integrates into cytosolic 80S ribosomes {#S6}
----------------------------------------------------

Considering the authentic role of MRPL18 is to constitute the ribosome complex within mitochondria, it is tempting to speculate that MRPL18(cyto) integrates into the cytosolic 80S ribosome complex under stress conditions. To test this hypothesis, we assessed the behavior of endogenous MRPL18 as well as transfected mutants in HeLa cells. We first purified cytosolic ribosome complexes using affinity immunoprecipitation (IP) in order to eliminate mitochondrial ribosome contamination. We also converted the polysome into monosome by RNase I digestion prior to IP to exclude indirect pull down of RNA binding proteins (**[Fig. 3a](#F3){ref-type="fig"}**). Endogenous MRPL18, but not other mitochondrial proteins, was readily precipitated from stressed cells by either anti-RPL4 or anti-RPS6 antibodies (**[Fig. 3a](#F3){ref-type="fig"}**, lane 2 and 6). In addition, endogenous MRPL18 was recovered from the polysome fraction after heat shock stress, and this re-distribution was sensitive to translation inhibitor CHX (**[Supplementary Fig. 4](#SD1){ref-type="supplementary-material"}**). Therefore, the cytosolic ribosome-associated MRPL18 is newly synthesized after stress. The incorporation of MRPL18(cyto) into the 80S ribosome complex was further corroborated by the similar feature of transfected MRPL18(ATG). Both co-sedimentation binding analysis and anti-myc IP revealed a robust association of MRPL18(ATG) with cytosolic ribosomes in a stress-dependent manner (**[Fig. 3b](#F3){ref-type="fig"}**, lane 8 and **[3c](#F3){ref-type="fig"}**, lane 6). In contrast, the AUG-only MRPL18(G72A) did not co-precipitate with any cytosolic RPs before or after heat shock stress (**[Fig. 3C](#F3){ref-type="fig"}**).

Phosphorylated MRPL18(cyto) integrates into 80S ribosomes {#S7}
---------------------------------------------------------

Interestingly, very few transfected MRPL18(ATG) was associated with the 80S ribosome in unstressed cells in spite of comparable expression levels. To investigate the mechanism of stress-induced incorporation, we examined the phosphorylation status of MRPL18 using a Phos-tag acryl-amide gel. A MRPL18 band with slower migration was clearly discernable upon heat shock stress and sensitive to phosphatase treatment (**[Fig. 4a](#F4){ref-type="fig"}**). Adding translation inhibitor CHX completely abolished this species, suggesting that phosphorylation occurs to the newly synthesized MRPL18 during stress. Importantly, the phosphorylated MRPL18 was exclusively found in the cytosolic fraction (**[Fig. 4b](#F4){ref-type="fig"}**), and only the phosphorylated species was recovered from the cytosolic 80S ribosome (**[Fig. 4c](#F4){ref-type="fig"}** and **[4d](#F4){ref-type="fig"}**). We next searched for the kinase responsible for MRPL18 phosphorylation. Interestingly, MRPL18 was predicted to be a substrate of the tyrosine-protein kinase Lyn^[@R27]^. Indeed, both the Lyn-specific chemical inhibitor Bafetinib (**[Fig. 5a](#F5){ref-type="fig"}**) and shRNA knockdown (**[Fig. 5b](#F5){ref-type="fig"}**) reduced the phosphorylation level of MRPL18. Notably, Lyn is a member of the Src family, whose kinases activity is increased upon heat shock stress^[@R28]^. These results collectively indicate that both the production and function of MRPL18(cyto) is under tight control in response to stress.

MRPL18(cyto) promotes stress protein synthesis during stress {#S8}
------------------------------------------------------------

The stress-inducible feature of MRPL18(cyto) is suggestive of its regulatory role in cytosolic stress response. To elucidate its physiological function, we knocked down MRPL18 in HeLa cells using small interference RNA (siRNA) SMARTpool. Reducing MRPL18 expression had minimal effects on cell growth and did not alter the rate of global protein synthesis (**[Supplementary Fig. 5a](#SD1){ref-type="supplementary-material"}**). In addition, we observed minimal effects of MRPL18 depletion on mitochondria translation after short term siRNA knockdown or long term lentivirus-based small hairpin RNA (shRNA) knockdown (**[Supplementary Fig. 5b](#SD1){ref-type="supplementary-material"}** and **[5c](#SD1){ref-type="supplementary-material"}**). However, upon heat shock treatment, the induction of Hsp70 expression in the cytosol was largely dampened in cells with MRPL18 knockdown when compared to cells transfected with control siRNA (**[Fig. 6a](#F6){ref-type="fig"}**). To substantiate this finding further, we applied shRNA to HeLa cells and a mouse embryonic fibroblast (MEF) cell line (**[Fig. 6b](#F6){ref-type="fig"}** and **[Supplementary Fig. 6](#SD1){ref-type="supplementary-material"}**). shRNA-mediated MRPL18 knockdown resulted in impaired Hsp70 induction in both cells after heat shock stress. This was not due to transcriptional deficiency of Hsp70 gene expression. In fact, MEFs with MRPL18 knockdown demonstrated even higher Hsp70 transcript levels than the control cells in response to heat shock stress (**[Supplementary Fig. 6d](#SD1){ref-type="supplementary-material"}**).

Given the *de novo* synthesis of MRPL18(cyto) relies on alternative translation, we reasoned that suppressing CUG initiation would have the similar effect as MRPL18 knockdown. Indeed, the stress-induced Hsp70 synthesis was substantially reduced in eIF2α (A/A) cells whose eIF2α is not phosphorylatable (**[Fig. 6c](#F6){ref-type="fig"}**). Since the incorporation of MRPL18(cyto) into the 80S ribosome is phosphorylation-dependent, we examined the effects of reduced Lyn kinase activities in stress response. It is clear that treatment with either Lyn inhibitor Bafetinib or Lyn knockdown dramatically suppressed the Hsp70 induction after heat shock stress (**[Fig. 5a](#F5){ref-type="fig"}** and **[5b](#F5){ref-type="fig"}**). The deficient Hsp70 synthesis is specific to MRPL18 because knocking down other mitochondrial ribosomal proteins did not influence the cytosolic stress response at all (**[Supplementary Fig. 7a](#SD1){ref-type="supplementary-material"}** and **[7b](#SD1){ref-type="supplementary-material"}**). These data collectively highlight MRPL18(cyto) as a critical mediator of cytosolic stress response.

MRPL18(cyto) promotes ribosome engagement on stress mRNAs {#S9}
---------------------------------------------------------

The participation of MRPL18(cyto) in the Hsp70 synthesis suggests that a specialized ribosome might be required for mRNA translation under stress conditions. MRPL18 is a homolog of cytoplasmic RPL5 based on sequence alignment. Much like RPL5, MRPL18 also binds to 5S rRNA and is believed to import the 5S rRNA into mitochondria^[@R29]^. An *in vitro* RNA binding assay confirmed that 5S rRNA strongly associates with recombinant MRPL18(ATG) but not GFP (**[Supplementary Fig. 7d](#SD1){ref-type="supplementary-material"}** and **[7e](#SD1){ref-type="supplementary-material"}**). However, we found little evidence indicating that MRPL18 replaces RPL5 in binding to the 80S ribosome (**[Fig. 3](#F3){ref-type="fig"}**). In fact, RPL5 knockdown also reduced Hsp70 synthesis after heat shock stress (**[Supplementary Fig. 7c](#SD1){ref-type="supplementary-material"}**). Notably, MRPL18 does not seem to interact with separated 40S or 60S subunits (**[Supplementary Fig. 7f](#SD1){ref-type="supplementary-material"}**). It is thus likely that MRPL18(cyto) serves as an extra RP in binding to the 80S ribosome. 5S rRNA forms the central protuberance of the large ribosomal subunit^[@R30]^. This region is of particular importance because it nears the place where the ribosomal large and small subunits, the decoded mRNA, as well as the peptidyl tRNA all come together. We postulate that the presence of an extra RP promotes 80S ribosome engagement on mRNAs under stress conditions. To test this hypothesis, we examined the distribution of Hsp70 mRNA in the polysome fractions of stressed MEF cells with or without MRPL18 knockdown (**[Fig. 6d](#F6){ref-type="fig"}**). With comparable total mRNA levels, the Hsp70 transcript showed much less enrichment in the polysomes of MEF cells lacking MRPL18. In contrast, β-actin mRNA only exhibited minor reduction in the polysome of these cells presumably due to the delayed stress recovery as a result of impaired Hsp70 synthesis. Indeed, MEF cells lacking MRPL18 showed less polysome formation during stress recovery (**[Fig. 6d](#F6){ref-type="fig"}**).

MRPL18 is essential for induced thermotolerance {#S10}
-----------------------------------------------

Because of the essential role of chaperone molecules in cell survival, we predict that cells lacking MRPL18 should have attenuated thermotolerance. Induced thermotolerance allows cells to survive a normally lethal temperature if they are first conditioned at a milder temperature. Without preconditioning, MEF cells with or without MRPL18 knockdown were equally susceptible to severe heat stress at 45°C for 1 h (**[Fig. 7a](#F7){ref-type="fig"}**). Pre-exposure at 43°C for 30 min resulted in a nearly complete protection of control MEF cells from severe heat stress. However, the induced thermotolerance was no longer observed in MEFs with MRPL18 knockdown. As expected, the reduced cell viability in the absence of MRPL18 was largely due to increased apoptosis (**[Fig. 7b](#F7){ref-type="fig"}**). In agreement with the suppressed chaperone biosynthesis in cells lacking MRPL18, re-introduction of Hsp70 by recombinant adenoviruses completely restored the thermotolerance (**[Fig. 7c](#F7){ref-type="fig"}**). Given the broad range of chaperone function in cell physiology, it would be of much interest to investigate possible protective roles of MRPL18 against cellular stressors beyond heat shock.

DISCUSSION {#S11}
==========

Cells in nearly all living organisms respond to heat shock stress by marked transcriptional alterations and rapid translational re-programming^[@R5]^. Despite severe inhibition of the translation machinery under stress conditions, efficient synthesis of stress proteins persists in a mechanism that was not completely understood. Here, we uncovered a molecular mechanism underlying the active translation of mRNAs highly expressed during stress. We show that heat shock stress triggers a previously unrecognized alternative translation of MRPL18, generating a cytoplasmic isoform of the mitochondrial ribosomal protein. Remarkably, the cytoplasmic version of MRPL18 incorporates into the 80S ribosome complex in a stress-dependent manner. The stress-induced formation of specialized ribosomes, together with the cap-independent translation initiation mechanism, ensures efficient translation of mRNAs under non-favorable conditions (**[Fig. 7d](#F7){ref-type="fig"}**). Our results thus provide a new paradigm for translational regulation under stress conditions, which involves ribosome specialization after an initial alternative translation event.

A growing body of evidence suggests that ribosome heterogeneity prevails across species, under different developmental stages, and in varied tissues^[@R31],[@R32]^. Variation in ribosome composition, in both rRNA and RPs, provides a regulatory mechanism to the translation machinery. A clear example is illustrated in *E. coli*, in which a stress-induced endonuclease MazF cleaves the 16S rRNA and removes the anti-Shine-Dalgarno sequence^[@R33]^. The resultant "stress ribosome" selectively translates the leaderless mRNAs, a group of transcripts also generated by MazF. In eukaryotes, certain RPs have been found to control transcript selectivity during translation. For example, RPL38 is required for translation of homeobox mRNAs^[@R34]^, whereas RPL40 appears to control translation of vesicular stomatitis virus mRNAs^[@R35]^. In this report, we discovered in mammalian cells an unusual mechanism that bestows the escape of HSP mRNA translation from the shutoff of global protein synthesis. Instead of altering the rRNA structure, the mammalian "stress ribosome" employs an extra RP that originally functions in mitochondria. MRPL18(cyto) incorporation may alter the ribosome conformation and/or stabilize the ribosome engagement on mRNAs that are highly expressed under stress conditions. Alternatively, the presence of MRPL18(cyto) may recruit additional factors facilitating initiation and elongation. In any means, stress-induced ribosome heterogeneity permits translational re-programming without re-building the entire translational machinery.

Another interesting phenomenon revealed by our data is the functional connection between mitochondrial and cytoplasmic ribosomes. The 55S mitochondrial ribosome differs substantially from the 80S ribosome in eukaryotic cytoplasm and the 70S ribosome in prokaryotes. In mammalian cells, the mitochondrial ribosome complex contains higher protein content than rRNA components^[@R14],[@R36]^. Although many MRPs are distinctive and evolving rapidly, MRPL18 has a close homolog in *E. coli*. Unlike many other RPs, MRPL18 has apparently evolved to become a stress-inducible gene in mammals. The possession of an alternative translation feature further renders MRPL18 a critical regulator of stress response. We conclude that MRPL18 actively participates in stress adaptation by potentiating the cellular translation machinery to achieve a robust cytosolic stress response.

ONLINE METHODS {#S12}
==============

Cell lines and reagents {#S13}
-----------------------

HeLa cells were maintained in Dulbecco's Modified Eagle's Medium (DMEM) with 10% fetal bovine serum (FBS). *HSF1*^+/+^ and *HSF1*^−/−^ MEFs were kindly provided by I. J. Benjamin (University of Utah). Cycloheximide (CHX), poly-U and puromycin were purchased from Sigma. MitoTracker, Mitochondria-GFP Alexa Fluor 488 or 546 labeled secondary antibodies \[donkey anti-mouse IgG (H+L)\] and Hoechst were purchased from Invitrogen. Anti-MRPL18 (HPA028774), anti-MRPL38 (HPA023054), anti-RPS20 (HPA003570), anti-RPL5 (HPA043717), anti-myc (C3956) and β-actin (A5441) monoclonal antibody was purchased from Sigma; anti-MRPS18B (16139-1-AP) and anti-RPL4 (11302-1-AP) was from Proteintech; anti-Hsp70 (SPA810) was from Enzo Life Sciences; anti-RPS6 (\#2217), anti-HSP60 (\#4870), anti-Caspase 3 (\#9662)and cleaved Caspase 3 (\#9661) antibody were from Cell Signaling. Dual luciferase kit was purchased from Promega. siRNA SMARTpools targeting human MRPL18 and control were purchased from Dharmacon. siRNA targeting human Lyn, MRPL38 and MRPS18B were purchase from Santa Cruz Biotechnology. Plasmids and siRNA transfections were performed using Lipofectamine 2000 (Invitrogen) following the manufacturer's instruction.

Plasmids {#S14}
--------

MRPL18 cDNA was cloned from total RNAs extracted from HeLa cells by RT-PCR. The amplified MRPL18 cDNA contains both the 5'UTR and the coding sequence and was inserted into pcDNA3.1/myc-his (Invitrogen). For MRPL18 mutants, mutagenesis was performed using the QuikChange II site-directed mutagenesis kit following the manufacturer's instruction (Stratagene). For MRPL18-Fluc constructs, an *Eco*R I site downstream of the CTG codon was used to replace the MRPL18 with firefly luciferase (Fluc) derived from pGL3 (Promega). For MRPL18-DD constructs, the FKBP destabilized domain (DD) was amplified from pBMN and subcloned into pcDNA3.1/ MRPL18. All plasmids were confirmed by DNA sequencing.

Lentiviral shRNAs {#S15}
-----------------

All shRNA targeting sequences were cloned into DECIPHER™ pRSI9-U6-(sh)-UbiC-TagRFP-2A-Puro (CELLECTA). shRNA targeting sequences were based on RNAi consortium at Broad Institute (<http://www.broad.mit.edu/rnai/trc>). MRPL18(human): 5′ CTCAGAGAATCTATGAATAAA 3′; MRPL18(mouse): 5′ CCAAAGGAAAGCATC TGCATT 3′; control sequence: 5′ AACAGTCGCGTTTGCGACTGG 3′. Lentiviral particles were packaged using Lenti-X 293T cells (Clontech). Virus-containing supernatants were collected at 48-h after transfection and filtered to eliminate cells, and target cells were infected in the presence of 8 µg ml^−1^ polybrene. 24-h later, cells were selected with 5 μg ml^−1^ puromycin.

Immunoprecipitation {#S16}
-------------------

Cells were washed twice with PBS and lysed in ice-cold lysis buffer \[20 mM HEPES (pH 7.4), 150 mM NaCl, 5 mM MgCl~2~, 0.5 mM DTT, 1X EDTA-free complete protease inhibitor (Roche), 100 µg ml^−1^ CHX, 20 µg ml^−1^ Poly-U\] supplemented with 1% NP-40. Cell lysates were incubated on ice for 1-h and then treated with 2 ul RNase I (Ambion) for another 1-h at 4°C. Lysates were spun at 20,000 × g for 10 min at 4°C and supernatants were collected followed by incubation with anti-myc agarose beads (Sigma) at 4 ºC for overnight. Immunoprecipitates were washed 4 times with gradient buffer \[10 mM HEPES (pH 7.4), 150 mM NaCl, 5 mM MgCl~2~) containing 1% NP-40. The washed beads were resuspended in 1x SDS sample buffer \[100 mM Tris (pH 6.8), 2% SDS, 15% glycerol, 5% β-mercaptoethanol, 0.1% bromophenol blue), boiled for 10 min, and analyzed by immunoblotting.

Immunoblotting {#S17}
--------------

Cells were lysed on ice in TBS buffer \[50 mM Tris (pH7.5), 150 mM NaCl, 1 mM EDTA) containing protease inhibitor cocktail tablet, 1% Triton X-100, and 2 U ml^−1^ DNase. After incubating on ice for 30 min, the lysates were heated for 10 min in SDS/PAGE sample buffer \[50 mM Tris (pH6.8), 100 mM dithiothreitol, 2% SDS, 0.1% bromophenol blue, 10% glycerol). Proteins were resolved on SDS-PAGE and transferred to Immobilon-P membranes (Millipore). For Phos-tag SDS-PAGE, 50 μM Phos-tag Acrylamide (WAKO) and 50 μM MnCl~2~ (Sigma) were added to 12% acrylamide gel, and performed electrophoresis in a manner identical to standard SDS-PAGE. After electrophoresis, Mn^2+^ was removed from phos-tag gel by incubation with 1x Transfer buffer containing 1 mM EDTA for 10 min. EDTA was then removed by incubation with 1x Transfer buffer for another 10 min before the transfer. Membranes were blocked for 1-h in TBS containing 5% BSA, followed by incubation with primary antibodies. After incubation with horseradish peroxidase-coupled secondary antibodies, immunoblots were developed using enhanced chemiluminescence (ECL^Plus^, GE Healthcare).

In vitro RNA synthesis and binding assay {#S18}
----------------------------------------

Full-length human 5S and 5.8S rRNA were amplified by using a forward primer carrying a T7 polymerase target sequence (underlined) and a reverse primer:

5S rRNA forward: 5′- TAATACGACTCACTATAGGGGTCTACGGCCATACCACC CTG -3′; 5S rRNA reverse: 5′- AAAGCCTACAGCACCCGGTAT -3′; 5.8S rRNA forward: 5′- TAATACGACTCACTATAGGG GACTCTTAGCGGTGGATC -3′; 5.8S rRNA reverse: 5′- AAGCGACGCTCAGACAGGC -3′.

Purified PCR product was used as template for in vitro transcription. In vitro transcription was carried out using MEGAshortscript kit (Ambion) according to the manufacturer's instruction. The coding sequence of MRPL18 without mitochondrial target sequence (MRPL18 (ATG)) was subcloned into pET-30a vector. *E. coli* strain BL21(DE3) was used as the host for protein expression and proteins were purified by Ni-NTA agarose (Qiagen). Binding of MRPL18 (ATG) to 5 S rRNAs was measured by a shift in the mobility of the RNA in 1.8% Agarose gels run at room temperature at 100 V. Binding reactions were performed in buffer containing 20 mM HEPES, pH 8.0; 30 mM NH~4~Cl; 100 mM KCl; 0.5 mM MgCl~2~; 1 mM DTT; 4% glycerol; 0.1% Nonidet P-40; acetylated bovine serum albumin (0.05 mg/ml); ribonuclease inhibitor (0.2 unit/ml of RNase OUT). Protein and RNA at the indicated concentrations were mixed gently and incubated at room temperature for 30min. After addition of Hi-Density TBE Sample Buffer (Invitrogen), the reactions were loaded onto a 1.8% Agarose gel and electrophoresed in TAE buffer (40mM Tris acetate, 1mM EDTA) at 100 V for 30min. Following electrophoresis, the RNA was visualized by ethidium bromide staining.

Polysome profiling analysis {#S19}
---------------------------

Polysome buffer \[10 mM HEPES (pH 7.4), 100 mM KCl, 5 mM MgCl~2~, 100 µg ml^−1^ cycloheximide and 2% Triton X-100\] was used to prepare sucrose solutions. Sucrose density gradients (15%- 45% w/v) were freshly made in SW41 ultracentrifuge tubes (Backman) using a Gradient Master (BioComp Instruments) according to manufacturer's instructions. Cells were pre-treated with 100 µg ml^−1^ cycloheximide for 3 min at 37°C to stabilize ribosomes on mRNAs followed by washing using ice-cold PBS containing 100 µg ml^−1^ cycloheximide. Cells were then lysed by scraping extensively in polysome lysis buffer. Cell debris were removed by centrifugation at14,000 rpm for 10 min at 4°C. 600 µl of supernatant was loaded onto sucrose gradients followed by centrifugation for 100 min at 38,000 rpm 4°C in a SW41 rotor. Separated samples were fractionated at 0.750 ml/min through an automated fractionation system (Isco) that continually monitores OD~254~ values. Fractions were collected with 0.5 min interval. An aliquot of ribosome fraction were used to extract total RNA using Trizol LS reagent (Invitrogen) for real-time PCR analysis or were heated at 98 °C for 10 min in SDS sample buffer \[50 mM Tris-HCl (pH6.8), 100 mM dithiothreitol, 2% SDS, 0.1% bromophenol blue, 10% glycerol) for western blot analysis.

For polysome concentration, fractions corresponding to more than 2 ribosomes were pooled and diluted 1:1 with gradient buffer. Polysomes were pelleted by centrifugation for 2 hours 4°C at 300,000 × g in polycarbonate centrifuge tubes (Beckman 349622) in a TLA110 rotor (Beckman) using a tabletop ultracentrifuge (Optima MAX, Beckman). Polysome pellet was re-suspended in 1x SDS sample buffer for western blot analysis.

Ribosome sucrose cushion {#S20}
------------------------

Ribosome sucrose cushion were conducted using a previously described protocol with minor modifications^[@R37]^. In brief, Hela cells were collected in lysis buffer \[20 mM Tris (pH 7.4), 10 mM MgCl~2~, 300 mM KCl, 10 mM dithiothreitol, 100 units/ ml RNase OUT, 20 µg ml^−1^ Poly-U and 100 µg ml^−1^ cycloheximide\]. Cell lysates were incubated on ice for 1-h and then centrifuged at 12,500 × g for 10 min to remove mitochondria and debris. The supernatant was layered over 1 ml of 1M sucrose cushion followed by centrifugation at 60,000 rpm for 2-h in a Beckman TLA-110 rotor. The ribosome-containing pellet was rinsed twice with 200 µl ice cold water and re-suspended in 1x SDS sample buffer for western blot analysis.

RNA isolation and PCR {#S21}
---------------------

Total cellular RNA was extracted using the TRIzol reagent (Invitrogen) according to the manufacturer's instruction. Contaminating DNA was digested by pre-treatment with RNase-free DNase (Ambion). Single strand cDNA synthesis was carried out using the high-capacity cDNA reverse transcription kit (Applied Biosystems) followed by standard PCR reactions. Real-time PCR reactions were performed using Power SYBR Green Mater Mix (Applied Biosystems) using a LightCycler® 480 *Real*-*time PCR System* (*Roche*). Gene expression was normalized to β-actin cDNA levels and calculated as a relative gene expression using 2−ΔΔCt method.

Oligonucleotide primers are as follows: Human MRPL18: forward 5'-CATCAG AATGGCAAGGTTGTG-3' and reverse 5'-AAGTTGATTCCCGCCTCTAAG-3'; Mouse MRPL18: forward 5'-AGCAAAGGAAGATAGGGCAC-3' and reverse 5'-ACA GACATTTCCAGAACCGC-3'; Human HSPA1A: forward 5'-TGTGTAACCCCATCA TCAGC-3' and reverse 5'-TCTTGGAAAGGCCCCTAATC-3'; Mouse HSPA1A: forward 5'-TGGTGCAGTCCGACATGAAG-3' and reverse 5'-GCTGAGAGTCGTTG AAGTAGGC-3'; Human β-actin: forward 5'-AGCCTCGCCTTTGCCGA-3' and reverse 5'-GCGCGGCGATATCATCATC-3'; Mouse β-actin: forward 5'-TTGCTGACAGGA TGCAGAAG-3' and reverse 5'-ACTCCTGCTTGCTGATCCACAT-3'. Quantitation of target genes of each fraction was normalized using the reference Firefly luciferase. Primers used are forward 5'-ATCCGGAAGCGACCAACGCC-3' and reverse 5'-GTCG GGAAGACCTGCCACGC-3'.

\[^35^S\] metabolic labeling {#S22}
----------------------------

Cells were washed with DPBS (pH 7.0, Invitrogen) prior to incubation in methionine-free DMEM (Invitrogen) for 15 min at 37°C. After quick centrifugation, cells were re-suspended in labeling media \[methionine-free DMEM supplemented with 10% FBS and 10 µCi ml^−1^ \[^35^S\] mix (Perkin Elmer)\]. At the indicated time points, aliquots were transferred to ice-cold stop buffer (DMEM supplemented with 1 mg ml^−1^ L-methionine, 1 mg ml^−1^ L-cystine and 100 µg ml^−1^ cycloheximide). Cells were centrifuged at 12,500 rpm for 5 min and the cell pellets were washed with ice-cold DPBS supplemented with 1 mg ml^−1^ of L-methionine and L-cystine with 100 µg ml^−1^ cycloheximide. The washed cell pellets were lysed in ice-cold lysis buffer \[10 mM HEPES (pH 7.4), 100 mM KCl, 5 mM MgCl~2~, 100 µg ml^−1^ cycloheximide and 2% Triton X-100\] for 30 min followed by centrifugation at 12,500 rpm 4°C for 10 min. The supernatant was collected and precipitated with 10% Trichloroacetic acid (Sigma). The mixture was heated for 10 min at 90°C followed by 10 min incubation on ice. The precipitates were collected on GF/C filter membranes (Whatman) followed by washing with 10% TCA and 100% ethanol, respectively. The dried membrane was measured for \[^35^S\] incorporation using scintillation counting (Beckman Coulter).

For mitochondria translation, cells were pretreated with 100 µg ml^−1^ cycloheximide for 5 min prior to a 1-h metabolic labeling in labeling media supplemented with 100 µg ml^−1^ cycloheximide in the absence or presence of 100 µg ml^−1^ chloramphenicol. Whole cell lysates were separated on a 12% SDS-PAGE gel followed by autoradiography.

Luciferase assay {#S23}
----------------

Real time measurements of Fluc activity were recorded at 37°C with 5% CO~2~ using KronosDio Luminometer (Atto) as previously described^[@R11]^. In brief, cells were plated on 35-mm dishes and transfected with plasmids encoding Fluc. 12 hours after transfection, cells were subjected to heat shock (43°C, 1-h), 1 mM luciferase substrate D-luciferin (Regis Tech) was added into the culture medium. For Hsp70-Fluc experiments, cells were subjected to heat shock 1-h after transfection, followed by the addition of 1 mM luciferase substrate D-luciferin.

Immunofluorescence staining {#S24}
---------------------------

Cells grown on glass coverslips were fixed in 4% paraformaldehyde and permeabilized by 0.2% Triton X-100. After blocking in 2% BSA in PBS, fixed cells were incubated with the primary antibody at 4°C overnight followed by 1-h incubation at room temperature with Alexa Fluor-labeled secondary antibodies. Cells were then washed with PBS and incubated for 5 min in PBS supplemented with Hoechst to counter-stain the nuclei. After final wash with PBS, cover slips were mounted onto slides and viewed using a confocal microscope (Zeiss LSM710).

Cell viability assay {#S25}
--------------------

MEF cells infected with lentiviruses expressing shRNA targeting MRPL18 or Scramble control were selected for stable cell lines. To induce heat shock response, cells were incubated at 43°C water bath for 30 minutes and allowed to recover at 37 °C for 5 hours (Pre-HS). Lethal heat stress (45 °C for 1 hour) was subsequently applied followed by incubation at 37 °C for 24 hours. Cells were then used for viability assay using Cell Counting Kit-8 (Dojindo Molecular Technologies) or collected for Western Blot analysis. For rescue assay, 24 hours before lethal heat stress, cells were infected with recombinant adenoviruses encoding GFP or Hsp70 at \~ 10 MOI followed by viability assay.
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![MRPL18 undergoes alternative translation to produce a cytosolic isoform\
**(a)** Schematic of GTI-seq using translation inhibitors lactimidomycin (LTM) and cycloheximide (CHX) (top panel). Raw reads count per nt position of *MRPL18* are plotted as bar graph. The processed LTM reads density is color-coded by the corresponding reading frame and the identified TIS positions are marked by asterisk. The bottom panel shows the predicted isoforms of MRPL18.\
**(b)** Immunostaining of HeLa cells transfected with MRPL18 wild type and mutants listed in the left panel. Anti-myc is shown in green channel and mito-tracker shown in red channel. DAPI was used for nuclear counterstaining. Bar, 10 µm.](nihms-672497-f0001){#F1}

![MRPL18 Undergoes Alternative Translation in a Stress-Dependent Manner\
**(a)** Representative immunoblot results of HeLa cells transfected with plasmids as indicated before heat shock or 2.5 h after heat shock (43°C, 1 h). Top bands are un-cleaved MRPL18 precursors. β-actin is used as loading control. The bottom panel shows the relative levels of transgenes (small isoform) normalized to β-actin. Error bars, s.e.m. (*n* = 3 cell cultures, \* *p* \< 0.01 by two-tailed Student's test).\
**(b)** Fluc reporter assays in HeLa cells transfected with MRPL18-Fluc constructs listed in the left panel. Fluc activities after heat shock were normalized with non-stressed cells. Error bars, s.e.m. (*n* = 3 cell cultures).\
**(c)** Immunostaining of HeLa cells transfected with MRPL18-DD with or without heat shock in the presence of shield-1. The top panel shows schematic of MRPL18-DD fusion protein in the absence or presence of shield 1. Anti-Hsp60 antibody is shown in red channel and anti-myc shown in green channel and. Bar, 10 µm.\
**(d)** Fluc reporter assays in eIF2α(S/S) and eIF2α(A/A) MEF cells transfected with MRPL18-Fluc constructs shown in **(b)**. Fluc activities after heat shock were normalized with non-stressed cells. Error bars, s.e.m. (*n* = 3 cell cultures).](nihms-672497-f0002){#F2}

![Cytosolic MRPL18 incorporates into the 80S ribosome in a stress-dependent manner\
**(a)** Detection of MRPL18 from endogenous ribosomes purified from HeLa cells with or without heat shock. After RNase I digestion, cell lysates were immunoprecipitated using anti-RPL4 (left panel) or anti-RPS6 (right panel) antibody. Both the input and the immunoprecipitates were immunoblotted using antibodies as indicated.\
**(b)** Detection of myc-tagged MRPL18(ATG) from endogenous ribosomes isolated from HeLa cells with or without heat shock. HeLa cells transfected with GFP were used as control. Sucrose cushion was used to isolate ribosomes. Both the total and the ribosome pellet were immunoblotted using antibodies as indicated.\
**(c)** Detection of cytosolic ribosomal proteins from anti-myc immunoprecipitates in HeLa cells transfected with myc-tagged MRPL18(ATG) with or without heat shock. HeLa cells transfected with GFP and MRPL18(G72A) were used as controls. Cell lysates were treated with RNase I prior to anti-myc IP. Both the input and the immunoprecipitates were immunoblotted using antibodies as indicated.](nihms-672497-f0003){#F3}

![Cytosolic MRPL18 incorporates into the 80S ribosome in a phosphorylation-dependent manner\
**(a)** Detection of phosphorylated MRPL18 in HeLa cells with or without heat shock stress. Whole cell lysates with or without λ phosphatase treatment were subject to Phos-tag acryl-amide gel (MRPL18 only) or standard PAGE followed by immunoblotting. CHX treatment during heat shock was included to demonstrate phosphorylation of newly synthesized MRPL18.\
**(b)** Detection of phosphorylated MRPL18 in HeLa cell fractions with or without heat shock stress. Whole cell lysates of HeLa cells with or without heat shock were separated using mitochondria fractionation kit. Immunoblotting was conducted after separation on a Phos-tag acryl-amide gel (MRPL18 only) or standard PAGE.\
**(c)** Detection of phosphorylated MRPL18 in ribosome fractions of HeLa cell with or without heat shock stress. Ribosome fractions were prepared by sucrose cushion. Both the total and the ribosome pellet were subjected to Phos-tag acryl-amide gel (MRPL18 only) or standard PAGE followed by immunoblotting.\
**(d)** Detection of phosphorylated MRPL18 in ribosomes purified from HeLa cell with or without heat shock stress. After RNase I digestion, cell lysates were immunoprecipitated using anti-RPL4 antibody. Both the input and the immunoprecipitates were subject to Phos-tag acryl-amide gel (MRPL18 only) or standard PAGE followed by immunoblotting.](nihms-672497-f0004){#F4}

![Cytosolic MRPL18 undergoes Lyn-mediated phosphorylation\
**(a)** Detection of phosphorylated MRPL18 in HeLa cells in the presence of increasing doses of Bafetinib immediately after heat shock stress. Whole cell lysates were subject to Phos-tag acryl-amide gel (MRPL18 only) or standard PAGE followed by immunoblotting.\
**(b)** Detection of phosphorylated MRPL18 in HeLa cells transfected with siRNA SMARTpool targeting Lyn or scramble control. Whole cell lysates were subject to Phos-tag acryl-amide gel (MRPL18 only) or standard PAGE followed by immunoblotting.](nihms-672497-f0005){#F5}

![Cytosolic MRPL18 promotes Hsp70 biosynthesis after heat shock stress\
**(a)** Examination of heat shock-induced Hsp70 synthesis in HeLa cells transfected with siRNA SMARTpool targeting MRPL18 or scramble control. Cells were collected at indicated times after heat shock followed by immunoblotting. N: no heat shock.\
**(b)** Examination of heat shock-induced Hsp70 synthesis in MEF cells infected with lentiviruses expressing shRNA targeting MRPL18 or scramble control. Cells were subject to heat shock treatment and collected at indicated times after heat shock followed by immunoblotting. N: no heat shock.\
**(c)** Examination of heat shock-induced Hsp70 synthesis in eIF2α(S/S) and eIF2α(A/A) MEF cells after heat shock stress.\
**(d)** Examination of polysome-enriched Hsp70 mRNA in MEF cells infected with shRNA lentiviruses expressing shRNA targeting MRPL18 or scramble control. Polysome fractions were used to extract total RNA followed by qPCR measuring Hsp70 and β-actin mRNA levels. Relative levels are normalized to the total. Error bars, s.e.m. (*n* = 3 cell cultures, \* *p* \< 0.05 by two-tailed Student's test).](nihms-672497-f0006){#F6}

![Cytosolic MRPL18 is essential for induced thermal tolerance\
**(a)** Thermal tolerance analysis of MEF cells lacking MRPL18. MEF cells infected with shRNA targeting MRPL18 or scramble control were primed with mild heat shock (43°C for 30 min) followed by 37°C recovery for 5 h. Subsequent severe heat shock (45°C for 1 h) was then applied followed by cell viability assay. Error bars, s.e.m. (*n* = 4 cell cultures, \* *p* \< 0.01 by two-tailed Student's test).\
**(b)** Examination of apoptotic markers in MEF cells as (A) by immunoblotting using antibodies as indicated.\
**(c)** Thermal tolerance assays of MEF cells after re-introduction of Hsp70. MEF cells as (A) were infected with recombinant adenoviruses encoding GFP or Hsp70 followed by thermal tolerance analysis. Error bars, s.e.m. (*n* = 3 cell cultures, \* *p* \< 0.01 by two-tailed Student's test).\
**(d)** A model for MRPL18 in translational control during stress conditions. Stress conditions like heat shock trigger trimerization and activation of HSF1 (step 1), which turns on genes including *MRPL18* and *HSPA1A*. In non-stressed cells, MRPL18 translation is initiated from the annotated AUG, generating MRPL18 containing mitochondria localization signal (blue). In stressed cells, MRPL18 undergoes alternative translation by using the downstream CUG start codon, producing a cytoplasmic isoform of MRPL18 (red) (step 2). MRPL18(cyto) incorporates into the 80S ribosome complex, facilitating the engagement of mRNAs highly expressed under stress, such as *HSPA1A* (green) (step 3). The efficient synthesis of heat shock proteins contributes to stress recovery.](nihms-672497-f0007){#F7}
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